The mechanisms by which β-amyloid (Aβ), a peptide fragment believed to contribute to Alzheimer's disease, leads to synaptic deficits are not known. Here we find that elevated oligomeric Aβ requires ion flux-independent function of NMDA receptors (NMDARs) to produce synaptic depression. Aβ activates this metabotropic NMDAR function on GluN2B-containing NMDARs but not on those containing GluN2A. Furthermore, oligomeric Aβ leads to a selective loss of synaptic GluN2B responses, effecting a switch in subunit composition from GluN2B to GluN2A, a process normally observed during development. Our results suggest that conformational changes of the NMDAR, and not ion flow through its channel, are required for Aβ to produce synaptic depression and a switch in NMDAR composition. This Aβ-induced signaling mediated by alterations in GluN2B conformation may be a target for therapeutic intervention of Alzheimer's disease.
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synapse | ion-flow independent | amyloid-beta | NR2A | NR2B T here is growing evidence that soluble oligomeric clusters of β-amyloid (Aβ), a secreted proteolytic derivative of the amyloid precursor protein (APP), are important for the early synaptic failure that is seen in Alzheimer's disease pathogenesis (1) (2) (3) (4) (5) . An increased production of Aβ leads to synaptic depression, a loss of spines, and a reduced capacity for synaptic plasticity (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, the signaling pathways used by Aβ to cause its synapto-toxic effects are poorly understood. Several studies have shown that a blockade of NMDA receptors (NMDARs) can mitigate the effects of Aβ on synapses (3, 7, 10, (15) (16) (17) (18) (19) (20) (21) . We sought to examine more carefully the role of NMDARs in the actions of oligomeric Aβ.
NMDARs are ionotropic receptors whose permeability for cations is controlled by a voltage-dependent Mg 2+ block. NMDARs are tetramers consisting of two glycine-binding GluN1 and two glutamate-binding GluN2 subunits. In the postsynaptic membrane of hippocampal neurons two GluN2 isoforms dominate: GluN2A and GluN2B. Whereas GluN2B is predominant in synapses of the early postnatal brain, GluN2A numbers progressively increase with age and eventually outnumber GluN2Bs (22) (23) (24) (25) . This developmental switch from GluN2B-to GluN2A-rich synapses has important implications for the induction of NMDAR-mediated plasticity (26) (27) (28) (29) .
The activation of NMDARs is required for several forms of synaptic plasticity and learning (30) (31) (32) . Ca 2+ ion flow through the NMDAR can ignite multiple types of biochemical signaling (33, 34) , and this is widely assumed to be the primary mechanism through which NMDARs control synaptic plasticity [see the companion article (35) ]. However, an alternative NMDAR function, one that depends on glutamate binding but does not require ion flow through its channel, has been described to play a role in NMDAR endocytosis (36) and the NMDAR subunit switch (37) . We here demonstrate that oligomeric Aβ generates synaptic depression and accelerates the NMDAR subunit switch, by modulating signaling pathways that depend on activation of the GluN2B subunit but do not depend on ion flux through the NMDAR.
Results
Aβ-Oligomers Cause Synaptic Depression. Elevated Aβ levels were achieved in organotypic hippocampal slice neurons by viral expression of APP-CT100, the β-secretase product of APP and precursor to Aβ (7) . We compared evoked synaptic AMPA receptor (AMPAR) transmission between neighboring infected and uninfected CA1 neurons by paired whole-cell recordings (Fig.  1A) . As previously shown (7), neurons in sparsely infected slices expressing APP-CT100 displayed depressed excitatory transmission ( Fig. 1 B and F) . Sparse infection is important because this ensures that synapses in control neurons will be sufficiently far from Aβ-producing infected neurons (7). Synaptic AMPAR depression was not observed in neurons expressing APP-CT84 ( Fig.  1 C and F) , the α-secretase product of APP, or in slices incubated during the APP-CT100 expression period with γ-secretase inhibitor L-685,458 ( Fig. 1 D and F) . These data indicate that synaptic AMPAR depression is caused by an increased production of Aβ by APP-CT100-expressing neurons. Synaptic depression was also significantly blocked by 5 μM scyllo-Inositol ( Fig. 1 E and F) , a drug that prevents the effects of oligomeric Aβ (38) , suggesting that in our model system we study the effects of Aβ-oligomers on synapses.
Aβ-Driven Synaptic Depression Requires GluN2B Activation. To study the role of NMDAR activation in Aβ-mediated synaptic depression, slices were incubated during APP-CT100 expression with 100 μM D-(-)-2-Amino-5-phosphonopentanoic acid (D-APV, an NMDAR antagonist acting at the glutamate binding site on the GluN2 subunit). As previously shown (7), in D-APV-incubated slices the Aβ-mediated depressed transmission onto neurons expressing APP-CT100 was significantly reduced (D-APV vs. no drug: P = 0.008; Fig. 2 A and C) . Similar results on Aβ-mediated synaptic depression were obtained with 20 μM 3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid (R-CPP), another antagonist for the GluN2 glutamate-binding site (R-CPP vs. no drug: P = 0.02; Fig. 2 B and C) . These results verify that NMDAR activation is required for the depressive effects of Aβ-oligomers on synapses.
Recent studies have found that NMDAR antagonists targeting the GluN2B subunit can mitigate the effects of Aβ on synapses (15, 16, 18, 19) . To study the role of the GluN2B subunit of the NMDAR in Aβ-mediated synaptic AMPAR depression, slices were incubated during APP-CT100 expression with either 3 μM Ro 25-6981 or 30 μM ifenprodil. Both drugs are activity-dependent antagonists that lock the GluN2B structure in a closed conformation (39) . In slices incubated in antagonists targeting GluN2B, Aβ-driven synaptic depression was virtually abolished (Fig. 2 D GluN2B-selective antagonists (Ro 25-6981 and ifenprodil) tend to block Aβ-mediated synaptic depression more efficiently compared with the nonselective GluN2 antagonists (D-APV and R-CPP), suggesting that blockade of GluN2A does not contribute to this blockade. It is likely that the efficiency by which a drug inhibits the effects of Aβ depends on their inhibitory constants (K i ) to GluN2B: Aβ-driven synaptic depression was most effectively blocked when the antagonist had a greater affinity to GluN2B (P = 0.03; Fig. 2F ). To determine whether the GluN2A subunit is necessary we used the drug ({[(1S)-1-(4-bromophenyl) ethyl]amino}-(2,3-dioxo-1,4-dihydroquinoxalin-5-yl)methyl)phosphonic acid (PEAQX), a competitive GluN2 antagonist that at a concentration of 50 nM blocks ∼80% of GluN2A currents and ∼20% of GluN2B currents (40) . Aβ-driven synaptic depression was still observed upon incubation with 50 nM PEAQX ( Fig. 2 G and H). These results suggest that inhibition of GluN2B, rather than GluN2A, prevents the effects of oligomeric Aβ. Notably, incubation of slices with these drugs did not depress basal synaptic function (Fig. S1 ). This indicates that the block of Aβ-driven synaptic depression by these drugs is not an occlusion type effect.
Aβ-Driven Synaptic Depression Is Independent of Ion Flux Through the NMDAR. Several forms of synaptic plasticity depend on Ca 2+ flux through NMDARs (31, 32, 41) . To investigate whether ion flux through GluN2B-containing NMDARs is required in Aβ-mediated synaptic depression, slices were incubated at the time of APP-CT100 viral infection with either 30 μM MK-801 or 200 μM ketamine. Notably, cells expressing APP-CT100 in the presence of these NMDAR ion-channel blockers displayed synaptic depression that was similar to that seen with no drug (MK-801 vs. no drug: P = 0.8; ketamine vs. no drug: P = 0.4; Fig. 3 A and C) and significantly different from the effects of GluN2B antagonists (MK-801 vs. Ro 25-6981: P = 0.002; ketamine vs. Ro 25-6981: P = 0.02). Because MK-801 and ketamine are use-dependent, we conducted control experiments to ensure that the majority of synaptic NMDARs were blocked within the time when Aβ begins to be expressed in the infected organotypic slices (∼8 h). Slices were incubated in MK-801 for different periods of time and measured NMDAR-mediated charge transfer, normalized by AMPAR-mediated charge transfer. After 4 h of MK-801 exposure, NMDAR-mediated charge transfer was 4% of that seen in the absence of the drug (Fig. S2) . Note that this block of ion flux through synaptic NMDARs by MK-801 is considerably greater than that provided by GluN2B antagonists (because the latter do not block GluN2A-containing NMDARs, which provide ∼20% of NMDAR-mediated current in our tissue). Thus, although the activation of GluN2B-type NMDARs is required for Aβ-mediated synaptic depression, ion flux through synaptic NMDARs is not required. Extrasynaptic NMDARs have been proposed to mediate some of the actions of Aβ (16) . To test whether ion flux through extrasynaptic NMDARs contributes to Aβ-mediated synaptic depression, we used 100 μM 7 chlorokynurenate (7-CK), which blocks NMDARs at the glycine-binding site. 7-CK effectively blocked both synaptic and extrasynaptic NMDAR-mediated currents [see companion article (35) ] but failed to block Aβ-mediated synaptic depression (7-CK vs. no drug: P = 0.4; 7-CK vs. Ro 25-6981: P = 0.001; Fig. 3 B and C) . These data indicate that NMDAR activation, but not ion flow through the NMDAR, is necessary for Aβ-mediated synaptic AMPAR depression. Combined, our findings suggest that a change in GluN2B conformation is necessary for Aβ-driven signaling to proceed.
Oligomeric Aβ Promotes the GluN2B to GluN2A Switch. Previous studies have identified effects driven by ion channel-independent actions of NMDARs. Endocytosis of NMDARs (36) , as well as a switch of GluN2B-for GluN2A-containing synaptic NMDARs (37), can be driven by NMDAR activation and do not require NMDAR ion-channel function. Because Aβ also produces depression of the NMDAR component of transmission (7), we wished to determine whether GluN2A-or GluN2B-containing NMDAR-mediated transmission is reduced by Aβ. We compared NMDAR-mediated transmission in cells expressing APP-CT100 and nearby noninfected neurons, both before and after 
transmission in APP-CT100 infected neurons, after such acute addition; Fig. S3 .) GluN2B-mediated NMDAR responses were significantly reduced in neurons expressing APP-CT100 (Fig. 4 A and B) . However, GluN2A-mediated responses, as measured by the current remaining after Ro 25-6981, did not differ between cells expressing APP-CT100 and nonexpressing cells. As a result, the ratio of GluN2A to GluN2B increased after exposure to Aβ-oligomers (Fig. 4C) . To assess whether these NMDAR subunit-specific effects depended on ion flux through its channel, hippocampal slices were incubated with either 100 μM D-APV or 200 μM ketamine. (The measurement of NMDAR currents in this experiment restricted us to the use of drugs whose NMDAR binding is fully and rapidly reversible.) The increase in GluN2A to GluN2B ratio was dependent on GluN2 function (no drug vs. D-APV: P = 0.01; Fig. 4C ) but not on ion flux through the NMDAR channel (no drug vs. ketamine: P = 0.08; Fig. 4C ). These results suggest that oligomeric Aβ induces GluN2B-GluN2A switching by selectively removing GluN2B-containing NMDARs from synapses in a manner that requires GluN2B function but not ion-channel function.
Discussion
Here we have examined the mechanism by which the NMDAR contributes to the synaptic depression produced by oligomeric Aβ. It was previously shown that the selective blockade of GluN2B-containing NMDARs could mitigate the effects of Aβ (15, 16, 18, 19) . In line with these studies, we find that the Aβ-mediated synaptic AMPAR depression depended on GluN2B activation. Although NMDAR-dependent long-term depression (LTD) is thought to require calcium ion flow through the NMDAR [ (42) (43) (44) ; but see companion article in this issue for an opposing view (35) ], the Aβ-driven synaptic AMPAR depression was independent of NMDAR ion flux. These data indicate that Aβ action on synaptic transmission requires an unconventional, metabotropic type of NMDAR signaling. One possibility is that Aβ, or a signaling molecule activated by Aβ, binds to GluN2B, leading to a conformational change of the NMDAR that transmits the signal to downstream effectors. It is also possible that a GluN2B-dependent process (e.g., a GluN2B-binding protein whose synaptic presence/activity requires ligand-driven conformational changes of GluN2B) is necessary for oligomeric Aβ-driven signaling to proceed. We note that the concentrations of NMDAR antagonists used in Fig. 2 are considerably above the K d values for binding to the NMDAR. Additionally, the differences in the drug's ability to block synaptic depression are likely due to the drug's ability to block a conformational change in the NMDAR subunit. This suggests that the affinity of the drug for NMDAR subunit (and not only the fractional occupancy at the inhibitory site) is related to its ability to block a conformational change that transmits the metabotropic signal.
In addition to a loss of synaptic AMPARs, oligomeric Aβ signaling also leads to a reduction in synaptic NMDAR currents (6, 7) . It is likely that Aβ oligomers remove AMPARs and NMDARs from synapses by targeting a common signaling pathway, because a blockade of AMPAR endocytosis prevents the Aβ-mediated NMDAR depression (6) . Our finding that both effects depend on ion flux-independent NMDAR signaling further supports the notion that both these Aβ-mediated effects are functionally linked. We observed that oligomeric Aβ selectively depresses responses from GluN2B-containing NMDARs and not from those that contain GluN2A. It will be interesting to establish whether the GluN2B subunit makes an NMDAR susceptible to Aβ activity or whether GluN2A renders an NMDAR Aβ-resistant. This distinction is relevant in light of the NMDAR subunit composition within synapses of the mature hippocampus. In contrast to the hippocampal synapses of immature age in our model system, mature synapses generally contain low amounts of GluN2B/GluN1 and predominantly contain GluN2A/GluN1 and hetero-trimeric GluN2A/ GluN2B/GluN1 receptors (25) . GluN2B/GluN1s are expressed in mature neurons but are predominantly located in extrasynaptic regions of the cell membrane (45) . A recent study suggests that Aβ oligomers can effect a change through these extrasynaptic GluN2B/ GluN1s (16) . A previous study showed that ligand binding to NMDARs led to ion flux-independent endocytosis of NMDARs that is regulated by tyrosine dephosphorylation (36) . Although this NMDAR function was only studied for GluN2A-containing NMDARs (36), a similar scenario involving NMDAR dephosphorylation could account for the Aβ-mediated reduction in synaptic GluN2B currents observed here. Indeed, we found that a tyrosine phosphatase inhibitor blocked Aβ-induced depression of AMPAR-mediated transmission (Fig. S4 ). In line with this scenario, the Aβ-dependent endocytosis of NMDARs requires phosphatase activity, and tyrosine dephosphorylation of GluN2B correlates with GluN1/GluN2B endocytosis (46, 47) . Interestingly, EphB2, a receptor tyrosine kinase that selectively controls the synaptic localization and function of GluN2B-containing NMDARs in mature neurons (48) , has been implicated in the synapto-toxic effects of Aβ oligomers (8, 49, 50) . By binding EphB2 and inducing its degradation (49), oligomeric Aβ could deprive synapses of a process that stabilizes their GluN2B-containing NMDARs. It will be interesting to assess whether a blockade of Aβ-EphB2 interaction will also prevent Aβ-induced AMPAR depression at synapses.
We here show that Aβ oligomers increased the GluN2A to GluN2B ratio by selectively reducing the synaptic currents of GluN2B-containing NMDARs. An increased Aβ production may therefore accelerate the maturation of synapses by promoting a switch of GluN2B-for GluN2A-containing synaptic NMDARs. Increasing the expression levels of GluN2A can also drive an NMDAR subunit switch, and similar to the Aβ-driven effects on synapses, this process requires glutamate-binding to GluN2s but does not require ion flux through the NMDAR (37). Our findings suggest that oligomeric Aβ taps into this ion channel-independent GluN2B signaling to initiate NMDAR subunit switching and synaptic depression, thereby decreasing the capacity for synaptic plasticity. Identification of the molecular components of this signaling may offer new targets in therapies for Alzheimer's disease.
Materials and Methods
Constructs of APP-CT100 and APP-CT84 were expressed in CA1 neurons in rat organotypic hippocampal slices, using Sindbis virus. Virus was injected into CA1 of 6-13 days in vitro (DIV) slice cultures, and cells were allowed to express for 20-30 h before recording. Slices were incubated in drugs [NMDAR antagonists (Tocris Bioscience) or scyllo-inositol (TCI)] during the 20-30-h infection period, unless otherwise indicated. Just before recording, a cut was made between CA3 and CA1 to prevent stimulus-induced bursting. Simultaneous whole-cell recordings were obtained from pairs of neighboring control and infected CA1 pyramidal neurons under visual guidance using differential interference contrast and fluorescence microscopy. Two stimulating electrodes, two-contact Pt/Ir cluster electrode (Frederick Haer), were placed between 100 and 300 μm down the apical dendrite, 100 μm apart, and 200 μm laterally in opposite directions. Whole-cell recordings were obtained with Axopatch-1D amplifiers (Molecular Devices) using 3-to 5-MΩ pipettes with an internal solution containing 115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM Hepes, 2.5 mM MgCl 2 , 4 mM Na 2 ATP, 0.4 mM Na 3 GTP, 10 mM sodium phosphocreatine (Sigma), and 0.6 mM EGTA (Amresco), at pH 7.25. External perfusion consisted of artificial cerebrospinal fluid containing 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl 2 , 4 mM MgCl 2 , 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , and 11 mM glucose (pH 7.4), and gassed with 5% CO 2 /95% O 2 at 27°C with 4 mM MgCl 2 , 4 mM CaCl 2 , 4 μM 2-chloroadenosine (Sigma), and 100 μM picrotoxin (Sigma). All recordings were done by stimulating two independent synaptic inputs 1.5 s apart; results from the two pathways were averaged and counted as n = 1. The AMPAR-mediated excitatory postsynaptic current (EPSC) was measured as peak inward current at −60 mV. NMDARmediated currents were measured as peak outward current at +40 mV in the presence of 3 μM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) (Tocris). EPSC amplitudes were obtained from the average of at least 50 sweeps. For measuring the ratio of NMDAR EPSC over AMPAR EPSC (N/A ratio) after incubation with MK-801, the NMDAR EPSCs were determined by measuring the average response of the first five sweeps at + 40 mV, 200-250 ms after evoking a current, and AMPAR EPSCs were subsequently determined by measuring peak responses at +40 mV after addition of 100 μM D-APV (Tocris). Miniature EPSCs were recorded in the presence of tetrodotoxin (Tocris) and picrotoxin. Data were acquired and analyzed using custom software written in Igor Pro (Wavemetrics). Statistical comparisons (P) were performed using log-transformed data, paired two-tailed Student t test for paired EPSC measurements, and nonpaired two-tailed Student t test for comparisons between different sets of experiments. 
